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A B S T R A C T
Patterned cathode/electrolyte interfaces formed by a hexagonal array of ∼22 μm deep wells with 24 μm lattice
parameter have been prepared by pulsed laser machining to enlarge the contact surface and, consequently, to
reduce the cathode polarization of Solid Oxide Fuel Cells. These new interfaces have been tested in YSZ-LSM/
YSZ/YSZ-LSM symmetrical cells, where the cathode is deposited by dip-coating. Appropriate ceramic suspen-
sions have been formulated to penetrate into deep wells without presenting interfacial delamination after sin-
tering. We analyse their applicability by comparing their rheology with the microstructure and electrochemical
performance of the cells. The activation component of the polarization resistance is reduced by ∼50% using
ethanol-based suspensions with 20 wt% solids loading, although the gas diffusion component increases due to
excessive densification. Alternative ceramic suspensions with 17.5 wt% solids loading provide optimum elec-
trode gas diffusion but lower activation components, resulting in an overall decrease of ∼20% in polarization
resistance.
1. Introduction
Solid Oxide Fuel Cells (SOFCs) are clean and efficient energy con-
version devices operating at high temperature (typically between
500 °C and 1000 °C) [1]. They can also operate in reverse mode to
produce pure hydrogen and oxygen from steam; the so-called Solid
Oxide Electrolysis Cells (SOEC) [2]. Their principal characteristic is that
they use a solid-phase oxide ion-conducting electrolyte. One of their
main advantages is that, contrary to low temperature operation fuel
cells, they are tolerant to S, CO and CO2, as well as the fact that they can
oxidize hydrocarbons [3].
In a SOFC electrode, the electrochemical reaction for fuel oxidation
or oxygen reduction takes place at the triple phase boundary (TPB)
regions, where the electronic phase, ionic phase, and porosity meet,
ideally all of them percolating along the length of the electrode. In fact,
a TPB is only active if an ion-conducting percolating network is formed
up to the electrolyte. The volume fraction of components, tortuosity
factor and TPB density are the key factors determining electrode per-
formance. Based on recent studies and taking into account the different
characteristic lengths, electrochemical reactions mostly take place in
the vicinity of the electrode/electrolyte interface, typically within
10 μm [4]. The microstructure of the electrodes is one of the main
parameters governing cell power output and durability. Microstructure
control in the porous electrode, within a length of about 1 μm or less, is
essential to achieve high power densities and low degradation rates.
Traditionally the microstructure at the microscale range of the elec-
trodes has been modified by controlling composition, grain size, pore
formers, and sintering conditions. The electrode-electrolyte interface
also has a relevant influence on the performance of the cell. Roughness
and geometrical control at the mesoscale range (10–30 μm), adherence
between layers and interfacial surface are important parameters de-
termining cell performance.
A few attempts exist in the literature to improve the electrolyte/
electrode interface performance by modifying its geometry at the me-
soscale, although their results are still far from the implementation in
SOFC fabrication. In fact, Wang et al. [5] modified this interface by the
addition of convex YSZ (YSZ: Zr1-xYxO2-δ) particles by thermal spray on
top of the electrolyte YSZ substrate. The convex structure was obtained
by the deposition of surface-melted particles at the low particle tem-
perature and velocity regime of the spray process. They found that the
interfacial specific surface area increased by up to a factor of 3.45.
Therefore cathode polarization of a cell with a modified cathode/
electrolyte interface is approximately one-third in comparison with a
standard cell.
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Alternatively, Xu et al. [6] used a process where micropatterns were
imprinted on the surface of a sheet of the ceramic material. They were
able to obtain a dense ceramic sheet with different micropattern geo-
metries (100 and 500 μm of characteristic length) after debinding and
sintering the ceramic sheets. They found that the finer pattern gives
better performance, showing an increase by a factor of 3 in terms of
power density, compared to a standard cell. Although the powder im-
printing process is appropriate for complex-shaped components, scal-
ability is an important issue as the imprinted area is relatively small. A
similar approach was recently proposed by Farandos et al. [7]. They
fabricated planar and 3D YSZ electrolyte structures by inkjet printing,
where micro-pillar arrays and square lattices were subsequently printed
resulting in crack-free 3D microstructures with a minimum feature re-
solution of 35 μm in the horizontal plane.
Engraving the surface of the layer components is another alternative
to increase the interface specific surface. According to Konno et al. [8],
in order to have an improvement, the length of the structure should be
greater (between 10 and 100 μm) than the effective active reaction zone
of the electrode. They performed grooved structures by using the
blasting method, showing that the machined areas do indeed contribute
to the enhancement of the overall cell performance. The grooved cell
performance was enhanced by 59% in power density with an interface
enlargement factor of 1.73. The groove width was 200 μm at the surface
and the distance between grooves was 250 μm, this being about the
minimum width achievable using the blasting method. Another draw-
back of this method, apart from the limitation in groove density and
being time consuming, is that the groove shape is not exactly re-
producible. However, there is a significant improvement and the ex-
perimental evidence is confirmed by the calculations using theoretical
models developed by different groups [9–12]. In fact, those predictions
confirmed that not only is the polarization resistance reduced by cor-
rugating the interfaces, as ohmic polarization could also be significantly
improved, especially in electrode-supported cells with thin electrolytes.
The total ohmic loss by ion transport and the mean activation over-
potential in the mesoscale-corrugated cells decreased considerably due
to the increase in the interfacial electrolyte/electrode contact surface.
For example, according to recent numerical estimations from Kishimoto
et al. [13] about mesoscale modification of thin electrolytes in anode
supported SOFCs, the effect of periodic grooves of 20 μm in depth,
30 μm in width and 30 μm apart is to produce a reduction of the ASR of
about 30%. From this reduction, ∼24% is on the polarization resistance
and ∼35% corresponds to the ohmic contribution. Note that those es-
timations were performed for high current densities and they could
differ from those near open circuit voltage (OCV) conditions. Thus,
surface engraving opens a new research area for SOFC development and
in fact it has attracted several groups in recent years [14–18].
In a very recent work, we have developed a different approach in
order to enlarge the electrode-electrolyte interface in the mesoscale
range (about 10 to 100 μm) by laser micro-patterning [17]. The beam of
a 5 ns pulsed laser was used to engrave YSZ supports using a square
array with a lattice parameter of 28 μm and depths of about 7 μm, ob-
taining a decrease of the cathodic polarization resistance of about 30%
with respect to non-processed cells. In this study we used conventional
composite YSZ-LSM cathodes (LSM: La1-xSrxMnO3). We focused our
study on cathodic polarization because the oxygen reduction reaction
kinetics on the cathode-electrolyte side is significantly slower than fuel
reduction kinetics on the anode-electrolyte side, thus cathodic polar-
ization is typically higher than anodic polarization [19]. This work
demonstrated that the use of laser ablation to corrugate SOFC elec-
trode/electrolyte interfaces is possibly the finest mechanising tech-
nology available from all the processing techniques previously men-
tioned. By this method, periodical surface designs not achievable by any
other technique can be performed. In fact, there has been an increased
interest in using laser machining for this purpose in recent years. Cai
et al. [20] used laser micro-processing on both sides of electrolyte-
supported cells using lattice parameters of about 100 μm and depths
varying from 12 to 32 μm, followed by screen-printing deposition of
standard electrodes (NiO/YSZ for the anode and LSM/YSZ for the
cathode). They found that the structured interface extended the TPB
length for electrochemical reaction, which led to an improvement in the
power density of the modified cell of about 58% at 800 °C. The same
group performed similar experiments using anode supported cells [21].
Similar improvements, ranging from 47% to 55% in terms of power
density, were also found at 800 °C. Despite these improvements it is
hard to make a proper comparison, as there can be significant differ-
ences in the thicknesses of all different layers. Finally, Gurauskis et al.
[22] and Gu et al. [23] also used laser ablation to modify anode sub-
strates. However, in both cases the main purpose of using this technique
was to increase the porosity of the anode and thus, improve gas diffu-
sion.
In order to exceed the positive results found in our previous work
[17], the objective of this study is to further improve the performance
of the cells by maximizing the contact surface area at the electrode/
electrolyte interface. For this purpose, hexagonal array patterns have
been engraved by pulsed laser machining on YSZ plates and subse-
quently YSZ-LSM composite cathodes have been deposited on them.
The composition and characteristics of different ceramic suspensions
for dip coating deposition, as well as the electrochemical performance
of the solid oxide cells formed, are analysed and discussed.
2. Experimental procedure
Commercial electrolyte substrates 8YSZ (8mol% of Y2O3) were
supplied by Kerafol GmbH (Germany) in the form of 50×50 mm2
plates with a thickness of 150±15 μm. Micro-patterning of the ceramic
substrates was performed using a Q-switched diode-pumped laser
(Rofin PowerLine S3 SHG, Germany) emitting at a wavelength of
532 nm. The nominal power is 2W and the minimum pulse width 5 ns.
Additional details of the equipment used and the experimental set up
can be found in references [17] and [24].
Surface characterization of the processed samples was performed
using optical confocal profilometry (Sensofar PLμ2300, Spain).
Microstructural analyses, in both plane view and in cross-section, were
performed using field emission scanning electron microscopy (Carl
Zeiss Merlin FESEM, Germany) equipped with Energy Dispersive
Spectroscopy (EDS) (Oxford Instruments INCA-350 system, United
Kingdom). Image analysis was performed using the Digital Micrograph
software from Gatan Inc. (Pleasanton, CA, USA) on resin-infiltrated
polished samples following the procedure described in reference [25].
The energy of the incident electrons for image analysis was set to 2 keV
to avoid electron penetration into the sample, mainly in the low density
epoxy resin, and to get an accurate 2D representation of the sample’s
microstructure.
Symmetrical cells were fabricated using un-machined and patterned
YSZ disks of 15mm in diameter. LSM/YSZ oxygen electrodes were
deposited on both sides by dip-coating with velocities of immersion and
extraction of 4.5 mm/s. These electrodes were composed of a functional
layer with composition LSM/YSZ 50/50 vol% and a current collector
layer of composition LSM/YSZ 80/20 vol%, as described in reference
[26]. The ceramic powders used were LSM20-P (surface area: 6± 2
m2/g and particle size D50: 0.7–1.1 μm) from Fuel Cell Materials (USA)
and TZ-8YS (surface area: 7± 2 m2/g and particle size D50: 0.09 μm,
according to the supplier datasheet) from Tosoh (Japan). Sintering was
performed using different loads on top to avoid deformation and to
ensure appropriate electrolyte-electrode integration, as will be de-
scribed in Section 3.2.
To get ceramic suspensions which can easily penetrate throughout
the YSZ wells we needed to improve their wetting capacities. The two
main factors to take into account for this purpose are the solids loading
and the amount of binder. We selected ethanol and water as dispersing
media. Ethanol is very convenient because of its fast drying, but water
suspensions are able to accept higher solids loadings [27]. As dispersing
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agent (i.e., deflocculant) for the water-based suspensions, we used an
ammonium salt of a poly(acrylic acid) (PAA) provided as Duramax
D3005 (Rohm & Haas, USA). The concentration of this component was
selected from zeta potential experiments as a function of pH and as a
function of PAA content, where the minimum amount of dispersant to
get adequate negative zeta potential values was determined. Zeta po-
tential measurements were performed using diluted suspensions (0.1 g
l−1) with KCl 10−1 M as inert electrolyte and adjusting the pH with HCl
and KOH. Measurements were performed with a NanoZS analyser
(Malvern, UK). For the ethanol-based suspensions, we used a phosphate
ester (Beycostat C213, CECA, France) as deflocculant and determined
the appropriate amount by analysing the viscosity curves. We checked
that these curves did not show significant thixotropy for a dispersant
concentration higher than 0.5 wt%, thus we selected this value for the
slurry formulation. To achieve the required consistency for handling,
Duramax B1000 (Rohm & Haas, USA) and poly(vinyl butyral) (PVB,
Eastman, USA) were selected as binder for the water-based suspensions
and for the ethanol-based ones, respectively. The amount of binder was
varied to get the desired viscosity. The idea was to change the solids
loading and the amount of binder to obtain different suspensions in
order to check their ability to penetrate into the laser-machined wells.
The viscosity of the suspensions was determined using a Mars II rhe-
ometer from Thermo Haake (Germany). Measurements were performed
using a double-cone and plate system with a diameter of 60mm and a
cone angle of 2° at a temperature of 25 °C. Flow curves were obtained
with a measuring cycle involving an increase of shear rate from 0 to
1000 s-1 for 5min, 1min dwell and a return to 0 shear rate for 5min.
Electrochemical Impedance Spectroscopy (EIS) was performed on
symmetrical cells using a button-cell test rig (NorECs Probostat,
Norway) and the data was collected using an electrochemical work-
station (Zahner-Elektrik GmbH Zennium, Germany). EIS experiments
were performed at temperatures ranging from 900 °C down to 750 °C, at
50 °C intervals, using a sinusoidal signal amplitude of 20mV and
varying the frequency range from 100 kHz to 100mHz.
3. Results and discussion
3.1. Preparation of patterned electrolyte-cathode surfaces and estimation of
the interfacial area and volume
In our previous publication [17] we laser-machined a square lattice
of ∼7 μm depth wells with lattice parameter a=28 μm on the surface
of YSZ plates. For this surface we estimated, using optical profilometry,
an enlargement of the electrode-electrolyte surface of about 20%. In the
present work we decided to go beyond these values preparing new
surfaces with deeper profiles to reduce the cathodic polarization even
further. We tested different patterns to get an arrangement of in-
dependent wells with depths in the range of 10–25 μm and the
minimum possible separation for this case. In this process we have to
bear in mind not only the spot size at focus position, about 7 μm in this
case, but also the laser interaction with the substrate, the heat diffusion
and the accuracy, repeatability and reproducibility of the beam posi-
tioning over the YSZ surface. Thus, this optimization was done in an
empirical way. We determined that, for our experimental set-up, ar-
rangements of wells with lattice parameter at least 24 μm yielded to
depths that increased linearly with the number of superimposed pulses.
In this way, we machined different types of patterns with wells of
∼22 μm in depth. In order to estimate the true surface area of the
patterned electrolyte we decided not to use optical profilometry, as the
optical characterization of transparent surfaces usually introduces a
significant amount of noise. To suppress this noise, we were obliged to
use Gaussian filters and the final result is highly dependent on the filter
width. Hence, we calculated the surface area of single wells using their
profile, digitalized from SEM cross-sections as shown in Fig. 1. As-
suming that the cross-section represents a surface of revolution around
the axis perpendicular to the plate surface and passing through the
minimum X0, the surface area can be calculated using the following
expressions:
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The enlargement factor, (S/S0)sw, for a single well, calculated by the
ratio of the well surface over its bearing surface, is about 2.4. Then, we
have to take into account the packing factor. For a square arrangement
of wells, (S/S0)Sq, a hexagonal arrangement, (S/S0)Hex, and a set of
parallel grooves, (S/S0)Gr, all of them with the lattice parameter equal
to the width of the well (a=24 μm), the enlargement factors give the
following results:
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The different enlargement factors calculated using the above ex-
pressions, and averaged for various experimental profiles, are collected
in Table 1. As expected, the hexagonal arrangement offers the best
results, because it corresponds to the closest-packed 2D disposition. The
decrease with respect to a single well is only –5%, due to the small
unprocessed zones between the wells that can be observed in Fig. 2.
From the point of view of laser processing, to engrave a hexagonal
arrangement has the same degree of complexity as the square ar-
rangements or a set of grooves. Thus, the hexagonal arrangement was
selected for this study. Although the increase in the electrolyte-elec-
trode contact surface we can reach is high, about 130%, we think that is
not reasonable to expect a decrease in the polarization resistance of the
same magnitude. We have to bear in mind that, when using a two phase
composite cathode formed by a mixture of electronic and ionic con-
ductors, the zone where the TPB points are located, and thus where
oxygen reduction reactions (ORR) take place, is a volume near the
surface, not just a surface. According to the estimations of Kishimoto
et al. [4] using random-walk diffusion simulation of FIB-SEM anodes
and 1D numerical simulations, the thickness of the active regions is
about 10–15 μm, which is of the same order of magnitude as the depth
and lattice parameter of the patterned surfaces. As the ORR kinetics in
the cathode is slower than the H2 reduction kinetics in the anode, this
value could probably be a bit lower, but the electrochemical active zone
cannot yet be considered as a thin skin layer over the electrolyte.
Hence, the expected increase in exchange current density due to the
enlargement of the interfacial contact surface would not in fact be in
correlation to the increase in contact surface, but to the increase in the
volume of the region adjacent to the electrolyte (Vact) compared with
the volume of the same region in a flat, unprocessed region (V0). We
have calculated this factor for the interfacial profile of Fig. 1 con-
sidering different thicknesses of the active region (5–15 μm). The dif-
ferent regions are represented in Fig. 3. We determined that the in-
crease in exchange current density could be between 40–80%, which is
still a significant figure and we think that it could be a reasonable es-
timation of the polarization decrease that is possible to reach with the
pattern of Fig. 2.
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3.2. Dip coating cathode formulations with high solids loadings
In our previous study we deposited the cathodes by the dip-coating
procedure using the same ceramic precursor that we used for flat un-
processed YSZ surfaces with good results in terms of overall micro-
structure and porosity [26]. The cathode was composed of two layers:
an internal functional layer with 50-50 vol.% LSM-YSZ and a current
collector outer layer with 80-20 vol.% LSM-YSZ. The ceramic powders
were dispersed in ethanol to a solids loading of 12.5 vol%. The details
about deflocculant and binder are included in Table 2, where this
suspension is labelled S0 (Suspension 0). Using this formulation, we
Fig. 1. Profile of a 22 μm depth laser-machined single well digitized from its cross-section SEM image.
Table 1
Enlargement factors averaged for various profiles, as represented in Fig. 1,
calculated for different arrangements of wells: single well, square lattice, hex-
agonal lattice and set of parallel grooves. In all cases the lattice parameter is
a=24 μm.
(S/S0)sw (S/S0)Sq (S/S0)Hex (S/S0)Gr
2.44 2.13 2.30 2.18
Fig. 2. Hexagonal arrangement of 22 μm depth laser-machined wells on a YSZ plate (lattice parameter a=24 μm).
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successfully averted the electrode-electrolyte debinding problems
during sintering of the corrugated electrodes using an overpressure of
4.9 kPa placing a load on top of the sample [17]. However, this ap-
proach, which worked very well for low-depth wells (∼7 μm), is in-
sufficient for deeper profiles (∼22 μm). Even in the green state, the
cathode-electrolyte adherence is poor due to inappropriate wetting, as
can be observed in Fig. 4. For this reason, we decided to reformulate the
ceramic suspension taking all the relevant aspects into consideration:
solids loading, dispersing media and agent, as well as possible additives.
To characterise the new aqueous suspensions, the zeta potential of
the starting powders was measured as a function of both the pH and the
polyelectrolyte content. The zeta potential versus pH (not shown for
sake of simplicity) showed that the isoelectric point of LSM was about 8,
thus requiring high pHs to readily disperse that powder. In the case of
YSZ the isoelectric point is about 2.3 [28]. Thus, to avoid hetero-
coagulation the use of an adsorbing polyelectrolyte would be required.
In this case suspensions were prepared with PAA in order to shift down
the isoelectric points as to allow working at neutral pH. The evolution
of zeta potential with polyelectrolyte content is shown in Fig. 5. As it
can be seen, both powders experiment a large increase of the absolute
value of zeta potential with addition of PAA with maximum values
above 45mV for 0.5 wt% deflocculant content. Thus, this was the
concentration used for the preparation of the suspensions in water.
The suspension formulations and their main characteristics are
collected in Table 2. S1 and S2 have higher solids loading than S0, but
lower viscosities. In S3 and S4 we further increased the solids loading
Fig. 3. Active volumes for the YSZ profile represented in Fig. 1 for 3 different
active thicknesses (dact=5, 10 and 15 μm). The cathodic active volume for
dact=5μm is indicated in red; for dact=10 μm it includes the red and the blue
regions; for dact=15 μm it includes the red, blue and green regions. V0 is the
volume of a cylinder of 24 μm in diameter (the bearing area of the well) and
height dact (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
Table 2
Suspension formulation for the dip-coating procedures used in this work to deposit the functional cathode layer. The viscosity at 10 s−1 shear rate, the contact angle
and the thickness of the resulting layer obtained for the different slurries are also indicated. The thickness was measured on one single dip layer deposited over
unprocessed YSZ plates. (BC213: Beycostat C213; D3005: Duramax D3005; DB1: Duramax B1000).
Slurry Dispersing medium Solids Loading (vol%) Deflocculant (wt%) Binder (wt%) Viscosity at 10 s-1 (mPa·s) Contact angle (°) Thickness (μm)
S0 Ethanol 12.5 1 BC213 5 PVB 72 66 15
S1 Ethanol 20 0.5 BC213 1.5 PVB 59 60 20
S2 Ethanol 20 0.5 BC213 0 PVB 21 41 6
S3 Water 30 0.4 D3005 3 DB1 209 68 40
S4 Water 40 0.4 D3005 0 DB1 1058 72 130
S5 Ethanol 16 1 BC213 5 PVB 523 – 19
S6 Ethanol 17.5 1 BC213 1 PVB 185 – 5
Fig. 4. Cathode-electrolyte interface in the green and sintered states. S0 for-
mulation of the ceramic mixture was used for the dip-coating procedure.
Cathode sintered for 2 h at 1150 °C with 19.6 kPa (200 g/cm2) of overpressure.
Fig. 5. Zeta potential as a function of the dispersant agent (Duramax D3005)
content for LSM and YSZ powders in aqueous suspension.
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using water as dispersing medium. Again we varied the binder con-
centration to obtain different viscosities.
The flow and viscosity curves are presented in Fig. 6. The ethanol-
based suspensions show Newtonian behaviour for shear rates higher
that about 50 s−1, presenting viscosity values at low shear rates 10 s−1,
which can be considered representative value for dip coating processes,
of about 59 and 21mPa·s in the case of S1 and S2, respectively. How-
ever, the viscosity of the water-based slurries decreases with the shear
rate, being significantly higher at low shear rates than that of ethanol-
based slurries. Even in the case of S4, where we did not include binder,
its viscosity is higher because of its higher solids loading. Due to this
behaviour, the static contact angle of the water-based suspensions is
higher, resulting in significantly thicker layers. The thicknesses col-
lected in Table 2 were measured on one single dip-coating layer de-
posited over unprocessed YSZ plates. The thickness of the cathodes
obtained by dip-coating over patterned substrates is significantly
higher. In Fig. 7, the SEM cross-sections of the resulting cathode layers
deposited over patterned YSZ substrates are displayed. In all cases good
electrode-electrolyte adhesion was obtained. However, we decided to
study only the electrochemical behaviour of the electrodes prepared
with ethanol as dispersing medium (S1 and S2). The thickness of the
layers obtained with water-based suspensions was excessive due to their
high viscosity. In addition, ethanol-based slurries are more appropriate
for our needs because of their higher drying speed and the homogeneity
of the deposited layer thickness.
To check the electrochemical performance of the cathodes, sym-
metrical button cells with patterned electrolytes were prepared by dip-
coating and subsequent sintering for 2 h at 1150 °C with an over-
pressure of 19.6 kPa (200 g/cm2). The polarization resistance values,
comparing the results obtained in patterned electrodes and in
unprocessed substrates, are collected in Table 3, whereas the corre-
sponding Nyquist diagrams are displayed in Fig. 8. Ohmic contribution
was subtracted from Nyquist diagrams for clarification purposes. As far
polarization resistance, the patterned electrodes show lower values at
low temperatures, 750 °C, but not above 800 °C. Moreover, the average
decrease in polarization resistance is much lower than expected and
does not seem to correlate to the apparently good cathode-electrolyte
contact. This result could be explained by fitting the impedance data to
an equivalent model L-R0-(RQ)1-(RQ)2-(RQ)3-W4. L is an inductance, Ri
are resistivity elements, Qi constant phase elements and W4 a Warburg
diffusion element. The values of the different fitting components are
represented in Fig. 9. From these values it is evident that, using the new
cathode formulation, a reduction of the R2 and R3 components is ob-
tained. These two terms are associated with catalytic processes and are
assigned to ionic transport in the YSZ matrix from the TPB to the
electrode/electrolyte interface, as well as to the coupled processes of
dissociative adsorption of oxygen and surface diffusion of oxygen spe-
cies, respectively [29–31]. The reduction of both components re-
presents the expected improvement in polarization resistance due to the
enlargement of the electrode-electrolyte interfacial area, in con-
cordance with previous results [17]. The R1 component, usually at-
tributed to the presence of secondary phases [32], has similar values in
the patterned and unprocessed cathodes. However, a deterioration in
the gas diffusion processes, indicated by the reduction of the resistivity
term (R4) of the resistance from the Warburg element (W4), is also
evident. In other words, the patterned cells seem to have a larger active
reaction zone, as would be expected, but the gas transport has wor-
sened. The overall cathode polarization only improves with the inter-
facial patterning at low temperature, but not at higher temperatures.
The reason for this effect is that the gas diffusion component is mainly
temperature independent, whereas the other processes are activated
with the temperature, which explains the results of Table 3.
The origin of the increase of the gas diffusion component can be
found in the microstructural analysis of the cathode. Image analysis of
the cathodes on polished samples show that the cathode porosity, es-
timated as 32± 1 vol% for S1 and 28± 1 vol% for S2 are significantly
lower than the reference value, 41± 1 vol%, obtained with S0 in un-
processed interfaces. Apparently, the significant increase in solids
loading of the dip-coating precursor suspension, formulated to get good
interfacial adhesion, also produced excessive densification of the elec-
trode. The reduction in the amount of binder, which decomposes during
sintering, might also slightly contribute to the porosity reduction.
Hence, gas diffusion is hampered by these low porosity values, below
the percolation threshold. This effect is more important in the bottom of
the wells, where, in addition, the lateral contribution to gas diffusion is
very low. To get a better picture of how these new cathode formulations
work on depth patterned profiles, we have also represented in Table 3
the polarization resistance after subtraction of the gas diffusion com-
ponent (R4). The best results are obtained for S2 formulation, where
polarization resistance decreased from values of 25% at 750 °C to 50%
at 900 °C. On average, the polarization decrease for the whole tem-
perature range is about 35%, which is more or less in agreement with
the estimations given in section 3.1. There, we anticipated an increase
in the electrochemical active volume of between ∼40% to 80%, de-
pending on the thickness of the active area close to the cathode-elec-
trolyte interface (5–15 μm).
3.3. Dip coating cathode formulations with intermediate solids loadings
The results of Section 3.2 for the activation polarization decrease
are encouraging. However, we have to restore the proper cathode
porosity to also ensure low concentration polarization. Thus, we
decided to explore two new suspensions, labelled as S5 and S6 in
Table 2, selecting intermediate solids loadings between S0 and S2. In
turn, we reduced the amount of binder in S6, trying to compensate the
influence of the higher solids loading in the cathode porosity. The
Fig. 6. Shear stress (a) and viscosity (b) as a function of the shear rate of the
precursor slurries for dip-coating described in Table 2.
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viscosity curves of these suspensions are also included in Fig. 6. S5
presents high viscosity values compared to the other ethanol-based
formulations, but S6 presents similar values to S1. SEM cross-sections
showing the cathode penetration inside the wells are shown in Fig. 10.
We can observe that cathode-electrolyte adhesion for S5 is defective,
but it seems to be correct for S6. Thus, we decided to further analyse
only the cathodes prepared with S6. The cathode porosity was studied
by image analysis in SEM on resin-infiltrated polished cross-sections.
The SEM images were masked using both previously published [33] and
dedicated scripts written for Digital Micrograph (Gatan, CA USA)
software, to discriminate the zones inside the wells and above them. In
the areas above the wells we obtained porosity values of 40± 1 vol.%,
as required. But in the inner zones inside the wells the porosity in-
creased up to 50±1 vol.%. This could be due to high viscosity of S5
that is not able to completely fill the cavity of the well. This is clearly
softened in the case of S6, with a viscosity nearly three times lower. It
must be taken into account that, whereas in the case of tape casting
higher binder contents are necessary to allow the tape removal, the
reduction of binder content helps to improve the adherence in the
present case.
The electrochemical performance of the patterned cells formed
using S6 as cathode formulation was again checked using symmetrical
button cells. The sintering cycle was the same as for symmetrical cells
fabricated with S1 and S2, but using lower overpressure, 4.9 kPa (50 g/
cm2), to avoid any risk of excessive densification. The polarization re-
sistance values (including the individual resistance components),
comparing patterned and unprocessed substrates, are summarized in
Table 4. The corresponding Nyquist diagrams are also displayed in
Fig. 11. Ohmic contribution was subtracted from Nyquist diagrams for
clarification purposes. Regarding this contribution, an improvement is
also expected for the patterned samples, as the thickness of the
electrolyte was slightly reduced (about 20% of its original 150 μm
thickness). In fact, an average reduction of about 26% for the range of
measured temperatures was obtained. In addition, polarization re-
sistance was also improved by about 16% on average. If we analyse in
detail the different resistance values from equivalent circuit fitting, as
listed in Table 4, it is important to point out that R1 (attributed to the
presence of secondary phases) disappeared when using these new for-
mulations, possibly as a result of the lower overpressure used. In ad-
dition, R2 and R3 (assigned to activation polarization) were reduced for
the patterned cell by about 20%. As previously explained, the reduction
of both components was expected, due to the enlargement of the
electrode-electrolyte interfacial area. In any case, this reduction is
lower than expected according to our estimations in Section 3.1 (en-
hancement expected between 40–80%). The reason for this effect can
be attributed to the increase of porosity inside the wells, as previously
mentioned. If we observe the fitted values for R4 (concentration po-
larization), there are no significant differences between patterned and
unprocessed cells, as the diffusion limitation previously observed is now
avoided due to the reformulation of the LSM-YSZ slurry. This result
confirms that the microstructure of the LSM-YSZ using S6 is now op-
timized in terms of diffusion, but still requires further optimization in
order to maximize catalytic activity.
4. Conclusions
Patterned cathode/electrolyte interfaces have been produced by
pulsed laser micro-machining to reduce the cathode activation polar-
ization of Solid Oxide Fuel Cells. The performance of these interfaces
have been tested in YSZ symmetrical cells, where the YSZ-LSM com-
posite cathode is deposited by dip-coating. As conventional ceramic
suspensions commonly used for this purpose are not useful in this case,
Fig. 7. SEM cross-section images of LSM-YSZ cathodes deposited through multistep dipping with 4 consecutive immersions of patterned YSZ plates and then sintered.
Images (a)-(d) correspond to suspensions S1-S4, respectively.
Table 3
Polarization resistance (Ω·cm2) of symmetrical cells formed with unprocessed and patterned electrode-electrolyte interfaces using cathodes prepared with suspen-
sions S1 and S2. For each case the full value (Rpol) and the value after subtraction of the R4 component (Ract=Rpol-R4), attributed to gas diffusion, is indicated.
T
(°C)
S1
unprocessed
S1
patterned
-ΔR
(%)
S2
unprocessed
S2
patterned
-ΔR
(%)
Rpol - Ract Rpol - Ract Rpol - Ract Rpol - Ract Rpol - Ract Rpol- Ract
750 0.77 - 0.77 0.72 - 0.72 6.5 - 6.5 0.80 - 0.73 0.75 - 0.55 6.3 - 25
800 0.39 - 0.37 0.37 - 0.33 5.1 - 11 0.45 - 0.35 0.40 - 0.21 11 - 40
850 0.21 - 0.16 0.19 - 0.13 9.5 - 19 0.24 - 0.15 0.25 - 0.09 −4.1 - 40
900 0.13 - 0.07 0.12 - 0.06 7.7 - 14 0.17 - 0.08 0.18 - 0.04 −5.9 - 50
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we have prepared new ceramic formulations, with increasing solids
loadings and appropriate viscosity, able to penetrate and sinter into
deep laser-machined wells. The properties and applicability of the dif-
ferent suspensions have been analysed comparing the electrochemical
performance of the cells with their rheological properties and the
microstructure of the as-deposited cathodes. The best results for the
reduction of the activation component of the polarization resistance are
obtained using an ethanol-based formulation with 20 wt% solids
loading and a viscosity of 21mPa·s at 10 s−1 of shear rate (S2 for-
mulation). Under these conditions we obtained a reduction of ∼50%,
although the gas diffusion component increased significantly due to
excessive cathode densification. Concentration polarization was thus
reduced using a suspension formulation with 17.5 wt% solids loading
and 185 mPa·s viscosity at 10 s−1 shear rate (S6 formulation). With this
formulation we restored the appropriate electrode gas diffusion, but the
activation component decrease obtained in this manner, about 20%, is
Fig. 8. Nyquist diagrams of the symmetrical cells formed with patterned
cathode-electrolyte interfaces using S1 and S2 formulations of Table 2 and
compared with the diagrams obtained with the same cathodes deposited on
unprocessed YSZ surfaces. Ohmic contribution was subtracted from the dia-
grams for easier comparison.
Fig. 9. Values resulting from the fitting of the EIS experiments of Fig. 8 to an equivalent model L-R0-(RQ)1-(RQ)2-(RQ)3-W4.
Fig. 10. SEM cross-section images of LSM-YSZ cathodes deposited over pat-
terned YSZ plates and then sintered using formulations defined as S5 and S6 in
Table 2. They correspond respectively to images (a) and (b).
Table 4
Summary of resistance values obtained from the fitting of the EIS experiments
of Fig. 11 to an equivalent model L-R0-(RQ)2-(RQ)3-W4.
T (°C) S6 unprocessed S6 patterned
Rpol R2 R3 R4 Rpol R2 R3 R4
750 1.24 0.17 0.8 0.27 1.20 0.15 0.74 0.31
800 0.59 0.14 0.34 0.11 0.49 0.11 0.28 0.10
850 0.31 0.09 0.18 0.04 0.24 0.07 0.15 0.02
900 0.18 0.04 0.11 0.03 0.14 0.06 0.02 0.06
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lower than expected, probably because of the excessive porosity of the
cathode in the regions inside the wells. Further optimization is still
needed to combine the best properties of S2 and S6 formulations to get
the optimum ceramic suspension.
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